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Abstract 

Chromoplasts are unique plastids that accumulate massive amounts of carotenoids. To gain a general and com- 
parative characterization of chromoplast proteins, this study performed proteomic analysis of chromoplasts from 
six carotenoid-rich crops: watermelon, tomato, carrot, orange cauliflower, red papaya, and red bell pepper. Stromal 
and membrane proteins of chromoplasts were separated by 1D gel electrophoresis and analysed using nLC-MS/MS. 
A total of 953-2262 proteins from chromoplasts of different crop species were identified. Approximately 60% of the 
identified proteins were predicted to be plastid localized. Functional classification using MapMan bins revealed large 
numbers of proteins involved in protein metabolism, transport, amino acid metabolism, lipid metabolism, and redox 
in chromoplasts from all six species. Seventeen core carotenoid metabolic enzymes were identified. Phytoene syn- 
thase, phytoene desaturase, (-carotene desaturase, 9-c/s-epoxycarotenoid dioxygenase, and carotenoid cleavage 
dioxygenase 1 were found in almost all crops, suggesting relative abundance of them among the carotenoid pathway 
enzymes. Chromoplasts from different crops contained abundant amounts of ATP synthase and adenine nucleo- 
tide translocator, which indicates an important role of ATP production and transport in chromoplast development. 
Distinctive abundant proteins were observed in chromoplast from different crops, including capsanthin/capsorubin 
synthase and fibrillins in pepper, superoxide dismutase in watermelon, carrot, and cauliflower, and glutathione-S- 
transferease in papaya. The comparative analysis of chromoplast proteins among six crop species offers new insights 
into the general metabolism and function of chromoplasts as well as the uniqueness of chromoplasts in specific crop 
species. This work provides reference datasets for future experimental study of chromoplast biogenesis, develop- 
ment, and regulation in plants. 
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Introduction 

Flowering plants contain many types of plastids, such as 
chloroplasts in green tissues, chromoplasts in pigmented 
flowers, fruits, and roots, amyloplasts in storage tissues of 
seeds, tubers, and stems, and etioplasts in tissues grown in 



dark. These plastids fulfil various distinctive and essential 
functions for plant growth and development. They serve as 
the main sites for photosynthesis and/or many important pri- 
mary and secondary metabolism, including the synthesis of 
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starch, fatty acids, amino acids, and secondary metabolites. 
Plastid genomes of flowering plants encode approximately 
100 proteins, and most plastid proteins are nuclear-encoded. 
The predicted proteome size for all plastid types ranges from 
2000 to 3500 proteins (van Wijk and Baginsky, 201 1). Studies 
on chloroplasts have long been the primary focus and chloro- 
plast proteomic analysis has been extensively carried out (van 
Wijk and Baginsky, 2011). In contrast, relatively few prote- 
omic studies on other types of plastids have been reported. 

Chromoplasts are unique plastids that accumulate carot- 
enoids, bringing vivid red, orange, and yellow colour to 
many flowers, fruits, and vegetables. Chromoplasts are fre- 
quently derived from fully developed chloroplasts as seen 
during fruit ripening from green to red fruits in tomato and 
pepper. In many cases, chromoplasts also arise from non- 
coloured plastids, such as those in carrot, sweet potato, 
and watermelon. Chromoplasts vary in the morphology of 
carotenoid-accumulating substructures and can be classified 
as globular, crystalline, membranous, fibrillar, and tubular 
(Egea et al, 2010). Because chromoplasts accumulate carote- 
noids and other metabolites that are essential for nutritional 
and sensory quality of agricultural products, several prot- 
eomic studies on chromoplasts of fruits have been carried 
out, which identify 493 proteins from sweet orange (Citrus 
sinensis), 151 proteins from red bell pepper (Capsicum ann- 
uum), and 988 proteins from tomato (Solanum lycopersicum) 
(Siddique et al, 2006; Barsan et al, 2010; Zeng et al, 201 1). 
Proteomic analysis of the chloroplast to chromoplast transi- 
tion in tomato identifies 1937 proteins (Barsan et al., 2012). 
Analysis of chromoplast proteins from these fruits shows a 
range of metabolic processes in chromoplasts. The relative 
abundances of the identified chromoplast proteins differ 
considerably in comparison with the chloroplast proteome, 
showing chromoplast-specific metabolic processes (Siddique 
et al., 2006; Barsan et al., 2010). Furthermore, as chromo- 
plasts from different fruits are derived either from chloro- 
plasts or other non-coloured plastids and possess specific 
carotenoid-accumulating substructures, it is expected of 
unique features for chromoplast proteomes from different 
crop species. 

Proteomics is a powerful approach for comprehensive 
characterization of plastids. To gain a general and com- 
parative characterization of chromoplast proteomes, this 
study performed proteomic analysis of chromoplasts from 
six crop species: watermelon, tomato, carrot, orange curd 
cauliflower, red papaya, and red bell pepper (Fig. 1A). To 
facilitate the identification of relatively abundant proteins, 
chromoplasts were subfractionated into stromal and mem- 
brane fractions and separated by one-dimensional SDS- 
PAGE gel electrophoresis. Proteins in the visible bands were 
analysed using nano-liquid chromatography tandem mass 
spectrometry (nLC-MS/MS). A substantially large numbers 
of chromoplast proteins were confidently identified. Relative 
abundance of the identified plastid proteins from each 
crop species were determined based on protein abundance 
index emPAI value (Ishihama et al., 2005). Comparative 
analysis of chromoplast proteomes among these six crops 
reveals some new insights into the general metabolism and 



function of chromoplasts as well as the uniqueness of spe- 
cific chromoplasts. 

Materials and methods 

Plant materials and carotenoid analysis 

Fresh mature fruits of red watermelon (Citrullus lanatus subsp. vul- 
garis), red papaya (Carica papaya), red bell pepper (Capsicum ann- 
uurri), and tomato (Solanum lycopersicum), as well as vegetables of 
carrot (Daucus carota subsp. sativus) and orange curd cauliflower 
(Brassica oleracea L. var. botrytis) (Fig. 1A) were either purchased 
from local supermarkets or grown in field at Cornell University 
according to standard production practice. Carotenoids from dif- 
ferent fruits were extracted and analysed following the method as 
described (Li et al., 2012) 



Chromoplast isolation and subfractionation 

Chromoplasts from these six crop species were isolated using 
sucrose gradient essentially as described by Barsan et al. (2010) 
and Tetlow et al. (2003) with minor modifications. Briefly, approxi- 
mately 250 g fresh materials were ground in 600ml ice-cold extrac- 
tion buffer containing 50 mM HEPES (pH 7.5), 2mM EDTA, 
330 mM sorbitol, and 5mM 2-mercaptoethanol. Suspensions were 
filtered subsequently with four and eight layers of cheese cloth and 
centrifuged at 5000 g for 5min at 4 °C. The crude chromoplast 
pellets were gently suspended in 5 ml extraction buffer containing 
50% sucrose (w/v), overlaid with a discontinuous sucrose gradient 
(50, 30, 17%, w/v, in extraction buffer), and centrifuged at 62,000 g 
for 45 min at 4 °C. Intact chromoplasts between layers of 50/30% 
and 30/17% were carefully collected, washed three times with over 
10-fold dilution in extraction buffer, and centrifuged at 5000 g for 
5 min to remove potential contaminations of cytosolic proteins and 
other organelles. The washed intact chromoplasts were stored at 
-70 °C until use. 

To subfractionate chromoplasts, purified chromoplasts were sus- 
pended in 300 ul lysis buffer (25 mM tricine, ImM EDTA, pH8.0) 
and ruptured by three cycles of freezing (in liquid N 2 ) and thawing 
(in 37 °C water bath). An aliquot (100 ul) was saved as total chro- 
moplast samples. The rest was centrifuged at 200,000 g for 40 min at 
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Fig. 1. Isolation of chromoplasts from six crop species. (A) 
Images of fruits and vegetables used for chromoplast isolation. 
(B) Chromoplasts were isolated by sucrose gradient centrifugation 
as described in Materials and Methods. Intact chromoplasts 
were collected from layers between 1 7/30% and 30/50% and 
washed extensively to remove contaminated proteins (this figure is 
available in colour at JXB online). 
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4 °C. Supernatant was carefully collected as stromal fraction. Pellet 
was washed twice in 1 ml lysis buffer to remove stromal proteins, and 
suspended in 100 ul lysis buffer as membrane fraction. All the opera- 
tions were carried out at 4 °C or on ice. 



Protein separation and nLC-MS/MS analysis by Synapt HDMS 

Proteins of three chromoplast fractions (total, stroma, and mem- 
brane) from each species were separated on gradient SDS poly- 
acrylamided gels (T = 9-15%, C = 2.6%) (18cm wide and 17cm 
high) and visualized by staining with Colloidal Coomassie blue 
(Invitrogen, Carlsbad, CA, USA). The visible gel bands from each 
lane were excised (Fig. 2). Subsequent in-gel digestion and peptide 
extraction were carried out as detailed previously (Yang et al., 2007). 

Tryptic peptide samples were analysed with a nanoACQUITY 
UPLC system coupled to a Synapt HDMS (Waters) equipped with a 
NanoLockSpray source as described previously (Yang et al, 2011). 
Briefly, each reconstituted sample was injected onto a Symmetry 
C 18 trapping column and separated on a BEH C 18 RP column. The 
eluted peptides were detected by Synapt HDMS through a nano 
ion source (NewObjective, Woburn, MA, USA). The instrument 
was operated in data-dependent acquisition (DDA) mode. For each 
DDA cycle, five highest intensity ions exhibiting multiple charge 
states (2 + , 3 + and 4 + ) were selected for MS/MS. The spectral acquisi- 
tion time in each MS and MS/MS scan was Is with a 0.02 s interscan 
delay. The mass range was set to m/z 300-1400 for each MS survey 
scans, and at m/z 50-1800 for MS/MS scans. All data were acquired 
by MassLynx v4.1 (Waters). Proteomics analysis was repeated with 
two different biological replicates. 

Data analysis 

All of the raw MS and MS/MS data were output as PKL files using 
the ProteinLynx Global Server 2.4 (PLGS, Waters). The subsequent 
database searches were carried out by Mascot Daemon (version 2.3, 
Matrix Science, Boston, MA) against specified database of each 
crop species of watermelon (Guo et al., 2012), papaya (Ming et ah, 
2008), tomato (The Tomato Genome Consortium, 2012), and cauli- 
flower whole-genome CDS generated by the Institute of Vegetables 
and Flowers, Chinese Academy of Agricultural Sciences, China. The 
red bell pepper and carrot samples were searched against NCBInr/ 
GreenPlants database (www.ncbi.nlm.nih.gov, downloaded on 28 
February 2012). The default search settings used for the Mascot anal- 
ysis were defined as described previously (Yang et al., 201 1 ). To reduce 
the probability of false identification, only peptides with significance 
scores at the 99% confidence interval were counted as identified. 



Protein annotation, plastid localization prediction, and functional 
classification 

All the proteins identified from each band were combined. 
Functional annotation of unique proteins was obtained based on 
information from local Blast (NCBI BLAST+, version 2.2.25 search 
against GenBank Green Plants database (ftp://ftp.ncbi.nlm.nih.gov/ 
genbank/). The functional description of individual protein was 
taken from the hit with lowest Expect value. 

To predict the plastid localization of the identified proteins, 
a local Blast search was performed against Arabidopsis proteins 
(TAIR 10) and the proteins with lowest Expect value were chosen as 
Arabidopsis homologues. The corresponding AGI accession numbers 
were used to search against three databases. These databases included: 
gene models where their Gene Ontology (GO) terms were annotated 
as plastid localization in TAIR10 (www.arabidopsis.org); experimen- 
tally annotated plastid proteins from the PPDB database (http://ppdb. 
tc.cornell.edu); and proteins predicted to be plastid proteins by any 
program from SUBA database (http://suba.plantenergy.uwa.edu.au). 

Protein functional classification and assignment were performed 
according to the bincodes of MapMan (http://mapman.gabipd.org/ 
web/guest/mapman). 



Results 

Distinctive carotenoid profiles of various fruits and 
vegetables 

Fruits of watermelon, tomato, papaya, red bell pepper, 
orange curd cauliflower, and carrot exhibit distinctive col- 
ours (Fig. 1A). HPLC analysis was carried out to determine 
the composition of carotenoids in the samples used in this 
study. As shown in Supplementary Fig. SI (available at JXB 
online), watermelon and tomato accumulated predominantly 
lycopene in their fruits, which resulted in red colour. Carrot 
accumulated mainly (3-carotene and a-carotene and cauli- 
flower contained (3-carotene. The accumulation of these caro- 
tenes was consistent with their orange colour of root or curd. 
Red-fleshed papaya accumulated several carotenoids with 
lycopene, (3-carotene, and (3-cryptoxanthin as the main com- 
ponents. Red bell pepper contained primarily capsanthin, 
which gave red fruit colour. Clearly, the distinctive colour of 
these fruits and vegetable owes their hues to the accumulation 
of those specific carotenoids. 

Isolation of intact chromoplasts 

A number of methods have been reported to isolate chromo- 
plasts (Tetlow et al., 2003; Barsan et al., 2010; Zeng et al., 
2011). Crude chromoplasts from various crops were isolated 
following the methods of Barsan et al. (2010) and purified 
with a discontinuous sucrose gradient according to Tetlow 
et al. (2003). Intact chromoplasts that were accumulated as 
sharp bands in the interfaces of 17/30% and 30/50% sucrose 
were carefully collected (Fig. IB). The broken plastids were 
either floating on top of the sucrose gradient or in the bottom 
of the centrifuge tubes. To remove potential contamination 
of cytosolic proteins and other organelles, the isolated intact 
chromoplasts were washed extensively in large volumes of 
extraction buffer. The chromoplasts purified via the approach 
used has been shown to be essentially free of cytosolic and 
mitochondrial marker enzymes (Tetlow et al., 2003). 

Overall proteomics analysis 

The subfractionated chromoplast proteins from each crop 
species were separated on ID SDS-PAGE gels (Fig. 2). 
Discrete and clearly visible bands from each chromoplast 
sample were cut out and analysed to provide a general sur- 
vey of the chromoplast proteins and the relatively abundant 
proteins from different crop species. Up to 100 proteins with 
peptide significance scores at 99% confidence interval were 
identified from each gel band. Some proteins were detected 
in multiple gel bands as observed in other studies (Siddique 
et al., 2006). Analysis of stromal and membrane fractions 
identified a total of 1 170 distinct proteins for watermelon, 953 
proteins for tomato, 1891 proteins for carrot, 2262 proteins 
for cauliflower, 1581 proteins for papaya, and 1752 proteins 
for pepper (Table 1 and Supplementary Table SI, available at 
JXB online). 

By blasting against three databases (i.e. TAIR, PPDB, 
and SUBA), from 56.7% in papaya to 92% in pepper of the 
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Fig. 2. One-dimensional SDS-PAGE gels of chromoplast proteins from various fruits and vegetables. M, membrane fraction; S, stromal 
fraction; T, total chromoplast (this figure is available in colour at JXB online). 



identified proteins were predicted to be plastid localized by at 
least one prediction program (Table 1). Except in pepper, pre- 
dicted plastid proteins from the other crop species contained 
an approximately 60% of total identified proteins, consistent 
with a recent study of tomato plastid samples (Barsan et al, 
2012). The final predicted plastid proteins ranged from 588 in 
tomato to 1612 in pepper (Table 1 and Supplementary Table 
SI). Analysis of proteins from stromal and membrane frac- 
tion revealed that a fraction of the proteins were localized in 
both fractions. The numbers of dual localized proteins varied 
from 7% in carrot to 18% in cauliflower (Table 1). 

Cellular processes shared among chromoplasts from 
various crop species 

The identified plastid proteins from different crops were cat- 
egorized into functional groups using MapMan. The dis- 
tribution of protein abundance in most functional classes 
was found to be similar among various fruits and vegetables 



(Fig. 3). In general, apart from the group without an assigned 
function, the functional group associated with protein metab- 
olism and process represented the most abundant group of 
proteins. Proteins associated with photosynthesis and carbon 
metabolism, electron transport/ ATP synthesis, lipid metabo- 
lism, amino acid metabolism, stress and redox, signalling, 
and transport were also present in relatively high abundance. 

Proteins involved in photosynthesis were detected in chro- 
moplasts from all six crop species (Fig. 3 and Supplementary 
Table SI). A number of Calvin cycle proteins (i.e. chaperonin 
60a, phosphoglycerate kinase, fructose-bisphosphate aldo- 
lase, and transketolase) were consistently detected in chromo- 
plasts from five to all six species (Supplementary Table S2). The 
persistence of Calvin cycle as well as oxidative pentose phos- 
phate pathway proteins (i.e. transketolase) may provide inter- 
mediates for glycolysis and a main source of reducing power 
for various processes, respectively, in chromoplasts. Glycolysis 
also occurs in plastids in plants (Plaxton, 1996). Several gly- 
colysis enzymes including aldolase, phosphoglycerate kinase, 



Table 1. Summary of identified chromoplast proteins from six crops species. 



Watermelon Tomato Cauliflower Carrot Papaya Pepper 

Identified proteins 

Total 1170 953 2262 1891 1581 1752 

Stroma 224 83 634 621 493 828 

Membrane 797 783 1227 1137 777 650 

Both 149 87 401 133 311 274 

Predicted in plastid 719(61.5) 588(61.7) 1414(62.5) 1252(66.2) 896(56.7) 1612(92) 

Identified proteins predicted in plastid 

Stroma 143 66 419 459 297 772 

Membrane 476 466 734 699 430 577 

Both 100 56 261 94 169 263 



Values are n or n (%). 
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Fig. 3. Functional category of plastidial proteins identified from six crop species according to MapMan. 



enolase, pyruvate kinase, and triosephosphate isomerase were 
observed in chromoplasts from five or all species. The obser- 
vation of many glycolysis enzymes suggests an active metabo- 
lism in chromoplasts to generate energy, reducing power, and 
precursors for the synthesis of metabolites. 

Fatty acids are synthesized in plastids. Noticeably, some 
enzymes for the synthesis of fatty acids as well as sulpholip- 
ids and glycolipids, such as NAD(P)-binding Rossmann-fold 
superfamily protein, thioesterase superfamily protein, sul- 
phogquinovosyl diacylglycerol, and FAD-dependent oxidore- 
ductase were identified in chromoplasts from five or all crop 
species (Supplementary Table S2). The apparently universal 
existence of these proteins suggests the ability of the chro- 
moplasts in synthesizing fatty acids and also forming various 
types of lipids, probably associated with the intense vesicu- 
lar activity during chromoplast development as proposed by 
Barsan et al (2010). Furthermore, key enzymes involved in 
lipid catabolism and essential for lipid homeostasis, such as 
AMP-dependent synthetase and ligase, long-chain fatty acid 
acyl-CoA synthetase, phospholipase Dal, and multifunc- 
tional protein 2 were also repeatedly detected in chromoplasts 
from different crops. Dynamic activities of lipid metabolism 
appear to occur in chromoplasts. 

Plastids are also the site for amino acid synthesis. Proteins 
involved in amino acid metabolism constituted one of the 
top three functional groups with most abundant numbers 
of proteins (Fig. 3). Many proteins in amino acid metabo- 
lism pathway were encountered, including oxidoreductase, 
methionine synthase, aspartate-semialdehyde dehydrogenase, 
ketol-acid reductoisomerase, isopropylmalate dehydrogenase 
2, and 3-dehydroquinate synthase in chromoplasts from all 
six crop species (Supplementary Table S2). These results were 



consistent with other reports (Siddique et al, 2006; Barsan 
et al, 2010; Zeng et al, 2011). The persistent detection of 
these enzymes involved in the formation of an early branch 
point from aspartate and in the biosynthesis of branched- 
chain amino acids, aromatic amino acids, and methionine 
suggests their active synthesis within chromoplasts. 

Redox systems are involved in the control of gene expression, 
protein import, enzyme activities, and repair mechanisms in 
plastids (Balsera et al, 2010). Many key components in main- 
taining cell redox homeostasis were found in chromoplast 
proteomes from five or all six crop species (Supplementary 
Table S2). They include thylakoidal ascorbate peroxidase, 
momodehydroascorbate reductase, glutathione reductase, 
glutathione peroxidase, 2-cysteine peroxiredoxin B, and 
superoxide dismutase as shown in the chloroplast thylakoid 
proteome (Friso et al, 2004). Further, a ubiquitous redox 
enzyme PDI-like that catalyses dithiol-disulphide exchange 
reactions as well as enzymes involved in ascorbate biosynthe- 
sis (L-galactono-l,4-lactone dehydrogenase) and glutathione 
biosynthesis (glutamate-cysteine ligase) were repeatedly iden- 
tified. The persistent detection of a large number of proteins 
in the redox systems was consistent with previous studies 
(Barsan et al, 2010; Zeng et al, 2011), suggesting an impor- 
tant role of redox during chromoplast development. 

Translocation of proteins into plastids is of importance for 
chromoplast biogenesis (Egea et al, 2010). Consistent with 
detection of chaperone proteins which drive protein import 
into plastids, a number of translocons including Toc75 
and TicllO in the protein import machinery, were identi- 
fied in chromoplast proteomes from nearly all crop species 
(Supplementary Table S2). Toc75 forms the main protein 
translocation channel of the Toe complex and is an abundant 
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protein in the outer envelope membrane (Eckart et al., 2002). 
TicllO plays a general role in protein import as a common 
component of the Tic complex (Inaba et al., 2005). These 
two proteins likely constitute an important part of the pro- 
tein import machinery in chromoplasts. Additionally, pro- 
teins involved in protein synthesis and degradation such as 
ribosomal proteins, GTP binding elongation factor Tu fam- 
ily protein, peptidase, aspartic proteinase, Clp proteases, and 
FtsH proteases were also persistently present. Proteins asso- 
ciated with protein translocation, synthesis, and degradation 
represent the most abundant functional group and constitute 
14-20% of total plastid proteins, indicating active protein 
metabolism within chromoplasts. 

Chromoplasts harbour a wide range of metabolic pro- 
cesses. Transportation of energy and various intermediates or 
substrates is essential for plastid development. A large num- 
ber of transport proteins including V-ATPase, adenine nucle- 
otide translocator, ABC transporter, glucose-6-phosphate/ 
phosphate translocator, substrate carrier family protein, and 
S-adenosylmethionine carrier protein were persistently iden- 
tified in chromoplast proteomes from nearly all crop species 
(Supplementary Table S2). The plastidial adenine nucleo- 
tide translocator catalyses the uptake of ATP, which affects 
energy-dependent metabolic processes and protein import in 
plastids (Neuhaus et al, 1997). Glucose-6-phosphate/phos- 
phate translocator mediates the import of carbon, which 
provides the substrate for the generation of reducing power 
and metabolite biosynthesis in non-green plastids (Flugge 
et al., 201 1). The detection of a range of transporters implies 
their importance in interconverting energy and transporting 
various substrates for energy and metabolite metabolism in 
chromoplasts. 

Proteins involved in carotenoid biosynthesis and 
accumulation 

There are over 20 core enzymes involved in carotenoid metab- 
olism from the 2-C-methyl-D-erythritol-4-phosphate (MEP) 
pathway to carotenoid biosynthesis and degradation pathway 
(Fig. 4). Proteomic analysis of chromoplast proteins from var- 
ious crop species identified 17 enzymes in the pathway. While 
^-carotene desaturase (ZDS) was detected in chromoplast 
proteomes from all crop species, a number of other enzymes, 
including 4-hydroxy-3-methylbut-2-en-l-yl diphosphate syn- 
thase (HDS), phytoene synthase (PSY), phytoene desaturase 
(PDS), 9-ra-epoxycarotenoid dioxygenase (NCED), and 
carotenoid cleavage dioxygenase 1 (CCD1), were identified in 
most crops (Fig. 4). In contrast, enzymes catalysing a- and 
(3-carotene to xanthophyll biosynthesis were not detected in 
most of crops except pepper. Four core enzyme proteins (i.e. 
LCY-e, CYP97A, CRY97C, and NXS) were not identified in 
any crops (Fig. 4). 

Carotenoids are sequestered in carotenoid-lipoprotein 
substructures, which are composed of carotenoids, lipids, 
and proteins (Li and Van Eck, 2007). Fibrillin is known to 
be the main component of carotenoid lipoprotein sequestra- 
tion structures in pepper and contributes to high levels of 
carotenoid accumulation (Deruere et al., 1994). Fibrillin and 
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Fig. 4. Simplified scheme of carotenoid biosynthetic pathway. 
The enzymes identified in the chromoplast proteomes are 
boxed. The crop species representing by numbers that 
contain the particular carotenoid pathway proteins are 
aligned next to the enzymes in the pathway: 1 , watermelon; 
2, tomato; 3, carrot; 4, cauliflower; 5, papaya; 6, pepper. 
ABA, abscisic acid; CCD, carotenoid cleavage dioxygenase; 
CCS, capsanthin/capsorubin synthase; CMK, 4-(cytidine 
5'-diphospho)-2-C-methyl-D-erythritol kinase; CrtlSO, 
^-carotene isomerase/carotenoid isomerase; CYP97A, 
p-carotene hydroxylase (P450); CYP97C, e-carotene 
hydroxylase (P450); DXR, 1 -deoxy-D-xylulose-5-phosphate 
reductase; DXS, 1 -deoxy-D-xylulose-5-phosphate synthase; 
GGPPS, geranylgeranyl diphosphate synthase; HDR, 
4-hydroxy-3-methylbut-2-enyl diphosphate reductase; HDS, 
hydroxymethylbutenyl diphosphate synthase; HYD, p-carotene 
hydroxylase gene; IDI, isopentenyl diphosphate isomerase; 
LCY-b, lycopene p-cyclase; LCY-e, lycopene e-cyclase; MCT, 
2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase; 
MDS, 2-C-methyl-D-erythritol-2,4-cyclodiphosphate synthase; 
NCED, 9-c/s-epoxycarotenoid dioxygenase; PDS, phytoene 
desaturase; PSY, phytoene synthase; VDE, violaxanthin 
de-epoxidase; ZDS, ^-carotene desaturase; ZEP, zeaxanthin 
epoxidase; Z-ISO, ^-carotene isomerase. 
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fibrillin homologues were also identified in the chromoplast of 
various crops (Table SI). Further, a number of plastid-lipid- 
associated proteins were also detected. They likely contribute 
to carotenoid accumulation in various types of chromoplasts. 

Abundant proteins are detected in chromoplasts of 
various crops 

Although chromoplasts from different crop species share 
extensively similar metabolic processes for chromoplast 
development and pigment accumulation, distinctive protein 
distribution patterns on SDS-PAGE gels were observed for 
chromoplast proteins (Fig. 2). A number of intensely stain- 
ing gel bands in stromal and membrane fractions of chro- 
moplasts from each crop species showed up. The protein 
abundance in each crop species and in each individual band 
was determined based on emPAI (Ishihama et al., 2005; Yang 
et al., 2007). Some of the abundant proteins identified from 
the major gel bands of each species are listed in Table 2, which 
includes both predicted plastid and non-plastid proteins. 

In watermelon, the relatively most abundant proteins 
included formate dehydrogenase, Mn superoxide dismutase, 
Cpn20, ATP synthase, adenine nucleotide translocator, 
V-ATPase, and mitochondrial processing peptidase. In addi- 
tion, a number of predicted non-plastidial proteins, such 
as annexins, were found at high abundance in watermelon 
chromoplast samples. The plastid formate dehydrogenase 
has been suggested to provide a ready source of high energy 
electrons to facilitate reduction reactions (Herman et al., 
2002). Mn superoxide dismutase functions in maintenance 
of redox homeostasis. Cpn20 is a small molecular chaper- 
one and important in the maintenance of cellular homeo- 
stasis (Koumoto et al., 1999). V-ATPase is found spanning 
the membranes of many organelles, which couples the energy 
of ATP hydrolysis to transport protons across membranes 
and acts an important regulator of membrane trafficking 
(Schumacher and Krebs, 2010). ATP synthase produces 
energy and transports protons. Adenine nucleotide translo- 
cator is also known as ADP, ATP translocator and mediates 
ADP and ATP exchange, including the import of ATP in 
non-green plastids (Flugge et al., 2011). The high abundance 
of these proteins involved in energy metabolism and trans- 
port as well as in maintaining redox homeostasis implies their 
roles in watermelon chromoplast development. 

In tomato, some of the most abundant proteins included 
V-ATPase, ATP synthase, adenine nucleotide translocator, 
ADP-ribosylation factor, small heat shock protein, alcohol 
dehydrogenases, and lipoxygenase homology domain-con- 
taining protein 1 (Table 2). These protein localization predic- 
tions were consistent with those from a recent study of plastid 
development in tomato (Barsan et al., 2012). A number of 
predicted non-plastidial proteins including histone H4 were 
found to be present at high abundance in tomato chromoplast 
samples. Like the case for watermelon, the proteins involved 
in energy production and transport (i.e. ATP synthase and 
ADP/ATP translocator) as well as those involved in the 
production of reducing power (i.e. alcohol dehydrogenases) 
were among the most abundant proteins. Vesicle fusion is 



important for chromoplast membrane formation (Hugueney 
et al., 1995). ADP-ribosylation factor, a small GTP-binding 
protein functioning as regulator of vesicular traffic (Memon, 
2004), was identified to be abundant, indicating potentially 
active membrane proliferation in tomato chromoplasts. 
Lipoxygenases play an important role in the generation of 
fatty acid-derived flavour compounds (Chen et al., 2004). The 
presence of high abundance of lipoxygenases may contribute 
to the production of a large number of flavour compounds 
during tomato fruit ripening. 

Carrot is one of the richest sources for carotenes and devel- 
ops chromoplasts underground. Superoxide dismutase, ATP 
synthase, V-ATPase, adenine nucleotide translocator, and 
NADH dehydrogenase, along with non-plastidial calmo- 
dulins, were highly abundant in carrot chromoplast samples 
(Table 2). ATP synthase and adenine nucleotide translocator 
were present in highest abundance in the membrane fraction 
of carrot chromoplasts. The prevalence of these proteins 
indicates the high requirement of energy for carrot chro- 
moplast development. The presence of abundant plastidic 
Cu-Zn superoxide dismutase (Huang et al, 2012) suggests the 
importance of maintenance of redox homeostasis in carrot 
chromoplasts. 

Orange curd cauliflower results from a single gene (Or) 
mutation that changes the plastid type from leucoplasts 
to chromoplasts (Lu et al., 2006). Several proteins such as 
malate dehydrogenase, Mn superoxide dismutase, V-ATPase, 
ATP synthase, adenine nucleotide translocator, mitochon- 
drial processing peptidase, and 60S acidic ribosomal pro- 
tein P2-2 were found to be abundant in orange cauliflower 
chromoplast samples (Table 2). As in carrot, ATP synthase 
and ADP/ATP translocator were among the most abundant 
proteins. Proteins involved in maintaining the optimal ratio 
between ATP and reducing equivalents (i.e. malate dehydro- 
genase) (Berkemeyer et al, 1998), were also present at high 
abundance, implying the importance of energy metabolism in 
cauliflower chromoplast development. Noticeably, Mn super- 
oxide dismutase was a highly abundant protein from cauli- 
flower samples. 

In papaya, proteins including methionine synthase, for- 
mate dehydrogenase, glutathione-S-transferases, V-ATP syn- 
thase, ATP synthase, and adenine nucleotide translocator 
were detected in high abundance. Methionine synthase is one 
of the most abundant transcripts in papaya and represents a 
highly abundant protein induced during ripening (Nogueira 
et al., 2012). As in the other crop proteomes, ATP synthase 
and adenine nucleotide translocator were among the most 
abundant proteins. Glutathione S-transferases (GSTs) belong 
to a large and diverse group of enzymes in plants. Their local- 
ization in plastids has been suggested to play a role in main- 
taining ROS homeostasis (George et al., 2010). The presence 
of high abundance of GST implies active redox reaction 
within papaya chromoplasts. 

In pepper, a number of proteins such as ATP-dependent 
Clp protease, transketolase 1, ketol-acid reductoisomerase, 
fibrillins, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate syn- 
thase (MDS), FtsH-like pritein (pftf), capsanthin/capsoru- 
bin synthase (CCS), and ATP synthase were present at high 
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Table 2. Most abundant proteins identified from chromoplast samples of each crop species. 



Description Protein accession emPAl Band no. Amount in gel Fraction Plastid-protein 

band(%) 



Watermelon 



Formate dehydrogenase 


Cla01 7090 


10.25 


6 


26.8 


S 


Yes 


Manganese superoxide dismutase 


Cla0081 01 


10.11 


10 


39.1 


S 


Yes 


Cpn20 


Cla011138 


5.6 


10 


21.7 


S 


Yes 


V-ATPase subunit A 


Cla015485 


8.85 


16 


29.5 


M 


Yes 


Mitochondrial processing peptidase 


Cla016811 


5.16 


18 


13.5 


M 


Yes 


ATP synthase beta subunit 


Giauuoyub 


6.22 


1 9 


28.8* 


M 


Yes 


V-ATPase subunit C 


i .-i Ann a q q 


7.67 


2 1 


1 0.5 


IVI 


Yes 


Adenine nucleotide translocator 


ClaU22bob 


1 0.04 


28 


30.9* 


M 


Yes 


Putative ADP, ATP carrier 


/^loAAOOQA 


3.37 


28 


8.9 


M 


Yes 


Annexin 


(^innnnn a i 

L<iauuyy4V 


1 22.87 


7, 26 


73.0, 55.2 


oM 


No 


Annexin-like protein 


pinAnnn a o 

L<iauuyy4o 


82. 1 7 


8, 27 


bb.o, 41 .2 


Oh/1 

bM 


No 


Universal stress protein 


oiaui i y4i 


1 D. / 1 


oZ 


QQ Q 
OO.O 


l\ A 
IVI 


NO 


nor! o.y 


punnrn a a 


38.62 


33 


46.5 


r\ a 
IVI 


No 


Histone H4 


uiauuoUoo 


1 2.91 


34 


1 7.3 


r\ a 
IVI 


No 


Tomato 














2-lsopropylmalate synthase 


Solyc08g014130.2.1 


2.83 


12 


31.77 


s 


Yes 


V-ATPase subunit B 


Solyc01g1 11 760.2.1 


4.36 


15, 49 


19.21, 14.55 


SM 


Yes 


ATP synthase subunit beta chloroplastic 


Solyc01g007320.2.1 


6.44 


15, 50 


23.68, 21.74 


SM 


Yes 


Alcohol dehydrogenase-2 


Solyc06g059740.2.1 


2.94 


17 


24.05 


S 


Yes 


V-ATPase A1 subunit 


Solyc12g055800.1.1 


11.55 


44 


57.51 


M 


Yes 


Mitochondrial processing peptidase 


Solyc12g008630.1.1 


3.32 


48 


13.83 


M 


Yes 


ATP synthase beta subunit 


Solyc04g007550.2.1 


3.72 


50 


10.36 


M 


Yes 


V-ATPase subunit C 


Solyc03g097790.2.1 


5.16 


54 


26.04 


M 


Yes 


ADP, ATP carrier protein 


Solyc07g053830.2.1 


4 


58 


5.71 


M 


Yes 


Adenine nucleotide translocator 


Solyc11g062130.1.1 


3.9 


59 


9.66 


M 


Yes 


Short-chain alcohol dehydrogenase 


Solyc07g047800.2.1 


6.09 


60 


10.32 


M 


Yes 


NADH dehydrogenase 


Solyc01g109620.2.1 


3.19 


61 


9.32 


M 


Yes 


Small heat shock protein 


bolycubgui42ou.2.l 


2.82 


63 


7.5 


M 


Yes 


ADP-ribosylation factor 


boiycin guuouuu.^.i 


5.97 


65 


1 3.66 


r\ a 
IVI 


Yes 


Lipoxygenase homology 


bolycu4gub4you.2.l 


5.96 


66 


1 2.33 


M 


Yes 


domain-containing protein 1 














Lipoxygenase 


ooiycui guyyi yu.^.i 


O QQ 


Q A A 
O, 4U 


CC Q H Q A 

bb.o, \ o.Z 


bM 


NO 


Lipoxygenase 


Onl,,/,r(0/.rH A AAA A H 

bolycuogui4U(Ju.2.l 


3.48 


41 


35.48 


M 


No 


Late embryogenesis (Lea)-like protein 


boiycin guyoi ou.^.i 


A AQ 
4.Uo 


DO 




h, A 
IVI 


IMO 


Stress responsive protein 


bolycul gui uf bu.2.1 


5.67 


52 


1 6.45 


M 


No 


Histone H4 


bolycU4gui 1 o9u. 1 . 1 


86.87 


68 


60.36 


M 


No 


Cauliflower 














Malate dehydrogenase 


BOI039124 


17.36 


13 


49.2* 


S 


Yes 


Mn superoxide dismutase 


BOI005872 


54.92 


46 


45.9 


S 


Yes 


V-ATPase subunit A 


O^.IA/1A/1"7A 

DoiU4U4/y 


13.68 


20 


28* 


M 


Yes 


Mitochondrial processing peptidase 


bOIUU^l oZ 


8.31 


23 


1 6.8 


r\ a 
IVI 


Yes 


ATP synthase beta subunit 


boiuuo/ y4 


1 7.87 


24 


34.5 


r\ a 
IVI 


Yes 


ATP synthase subunit gamma 


D^IAAQ H. QA 

bOIUUol oU 


6.5 


31 


1 3.6 


r\ a 
IVI 


Yes 


Adenosine nucleotide translocator 


bOlUU4z/1 


1 0.9 


33 


20.5 


M 


Yes 


ATP synthase delta subnuit 


bOIUo4zob 


33.94 


35 


24.5 


r\ a 

M 


Yes 


60S acidic ribosomal protein P2-2 


bOIU^b41 ( 


27.63 


41 


27.5 


r\ a 
IVI 


Yes 


Succinyl-CoA ligase beta subunit 


Bol038744 


7.25 


12 


16.9 


s 


No 


Histone H4 


Bol005544 


310.28 


45 


83.7 


M 


No 


Carrot 














ATP synthase beta subunit 


gi|343410685 


14.16 


10, 40, 41 


12.5*, 85.3*, 52.8* 


SM 


Yes 


Cu-Zn superoxide dismutase 


gi|761 50398 


3 


27 


18.9 


S 


Yes 


V-ATPase catalytic subunit A 


gi|1 37460 


7.94 


35 


34.8 


M 


Yes 


Adenine nucleotide translocator 


gi|3071 35850 


4.21 


55, 56, 57 


40.3*, 30*, 10.4* 


M 


Yes 


NADH dehydrogenase 


gi| 1171866 


2.71 


65 


11.2 


M 


Yes 


F1 -ATPase alpha subunit 


gi|34539285 


3.46 


41 


29.2* 


M 


No 



Table 2. (Continued) 
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Description 


Protein accession 


emPAl 


Band no. 


Amount in gel 
band (%) 


Fraction 


Plastid-protein 


Chain A Calmodulin Isoform 1 


gi| 178847272 


7.94 


66 


27.3 


M 


No 


Calmodulin 


gi| 16225 


6.21 


66 


20.6 


M 


No 


Papaya 
















Methionine synthase 


evm.TU.supercontig_1 61 .1 0 


7.1 


5, 36 


39.9, 18.7 


SM 


Yes 


Formate dehydrogenase 


evm.TU.supercontig_39.83 


13.21 


18 


28.3 


S 


Yes 


Glutathione S-transferase 


evm.TU.supercontig_50.1 1 7 


20.18 


23 


41.3 


s 


Yes 


Glutathione S-transferase 


evm .TU . supercontig_77 .114 


58.81 


24 


65.3 


s 


Yes 


Cyclophilin 


evm.TU .supercontig_37 .181 


10.12 


29 


17.7 


s 


Yes 


V-ATP subunit A 


evm.TU.supercontig_155.13 


20.58 


39 


51.8 


M 


Yes 


ATP synthase beta subunit 1 


evm.TU. supercontig_65. 97 


16.05 


46 


46.6 


M 


Yes 


Adenine nucleotide translocator 


evm.TU. supercontig_883. 3 


8.78 


57 


17.5 


M 


Yes 


Putative ADR ATP carrier 


evm.TU. supercontig_83. 67 


3.37 


57 


6.2 


M 


Yes 


Phospholipase C 


evm.TU .supercontig_37 . 1 69 


13.08 


53 


26.8 


M 


No 


Annexin 


evm.TU .supercontig_4842 . 1 


6.16 


55 


18.2 


M 


No 


Universal stress protein 


evm.TU.supercontig_56.52 


24.3 


66 


43.2 


M 


No 


Pathogenesis-related protein 4 


evm.TU. supercontig_1 476.3 


9.86 


68 


15.2 


M 


No 


Pepper 
















ATP-dependent Clp protease 


g 


|39921 3 


5.63 


6, 40 


25.3, 29.2 


SM 


Yes 


Transketolase 1 


g 


13559814 


7.4 


7, 43 


32.3, 24.8 


SM 


Yes 


Ketol-acid reductoisomerase 


g 


|193290660 


7.39 


11 


48.8 


S 


Yes 


4-Methyl-5(b-hydroxyethyl)-thiazol 


g 


|171854671 


5.76 


20 


27.7 


s 


Yes 


monophosphate biosynthesis enzyme 
















Fibrillin 


gi|460761 


7.68 


23, 52 


47.9, 26.7 


SM 


Yes 


2-C-Methyl-erythritol 2, 


gi| 157042737 


11.48 


33 


34.6 


s 


Yes 


4-cyclodiphosphate synthase 
















FtsH-like protein 


g 


|37538489 


5.17 


44 


23.9* 


M 


Yes 


ATP-dependent zinc metalloprotease FTSH g 


|2492515 


6.99 


44 


16.2 


M 


Yes 


zeta-Carotene desaturase 


g 


|17367814 


4.14 


46 


28.2* 


M 


Yes 


ATP synthase subunit beta 


g 


160391817 


8.12 


48 


39.3* 


M 


Yes 


Capsanthin/capsorubin synthase 


g 


|12643508 


43.09 


49 


95.6 


M 


Yes 


Histone H4 


g 


|462243 


50.9 


92 


70.2 


M 


No 



* The percentage of homologous proteins identified in the same gel band was grouped as a single family protein. M, membrane fraction of 
chromoplasts; S, stromal fraction. 



abundance. Several of these abundant proteins are also iden- 
tified in a previous chromoplast proteomics study in pepper 
(Siddique et ah, 2006). CCS catalyses the formation of special 
pigments and represented the most abundant protein in pepper 
chromoplast proteome (Table 2). In addition, two other carote- 
nogenic enzymes (i.e. MDS and ^-carotene desaturase, ZDS) 
were found to be abundant. Fibrillin represented another most 
abundant protein. Plastid fusion and/or translocation factor 
(pfts), a protein involved in plastid membrane biogenesis and 
originally identified in red pepper (Hugueney et ah, 1995) was 
also present at high abundance. Like other chromoplast pro- 
teomes, ATP synthase was among the most abundant protein. 

Discussion 

Chromoplasts from various crops share a similar 
distribution of functional classes of proteins 

This study provides a large-scale proteomic and bioinformatic 
analyses of chromoplast proteins from six important crop spe- 
cies. Analysis of these six chromoplast proteomic data sets 



revealed that the proteins identified had a similar distribution of 
functional classes, similarly to a previous report (Barsan et ah, 
2010). A relatively large number of proteins involved in the 
functional groups including photosynthesis, glycolysis, electron 
transport/ATP synthesis, lipid metabolism, amino acid metab- 
olism, secondary metabolism, redox, protein metabolism and 
targeting, signalling, and transport were identified, indicating 
important roles of these processes in chromoplast development. 

The identification of photosynthetic proteins in chromo- 
plasts derived either from chloroplasts or from non-coloured 
plastids suggests the potential role of maintaining photo- 
synthetic machinery in chromoplasts. All the metabolic pre- 
cursors used in heterotrophic plastids are either generated 
by oxidative metabolisms within the organelle or actively 
imported from the cytosol (Neuhaus and Ernes, 2000). 
Concomitantly, a relatively large number of proteins involved 
in glycolysis to produce metabolic precursors contributed to 
the prevalent functional group of chromoplast proteins. In 
addition, the essential biosynthetic activities in nonphotosyn- 
thetic plastids are sustained by the generation of ATP and 
reducing power (Flugge et ah, 2011). A substantial numbers 
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of proteins involved in energy and reducing power produc- 
tion were observed in these chromoplasts as shown in other 
studies (Barsan et al, 2010). Chromoplast development is 
associated with new membrane formation and the forma- 
tion of lipid-protein carotenoid sequestration structures (Li 
and Van Eck, 2007). Thus, active lipid metabolism in chro- 
moplasts is expected. Indeed, a recent metabolic study of 
tomato chromoplasts using radiolabeled precursors revealed 
that lipid biosynthesis is a very efficient process in chromo- 
plasts (Angaman et al, 2012). Amino acids are synthesized 
in plastids. The detection of many proteins involved in amino 
acid biosynthesis from all crops confirmed the process within 
chromoplasts. Further, chromoplasts contain a highly active 
redox system. The large number of redox enzyme proteins 
may allow the plastid to acclimate various processes and sig- 
nalling during chromoplast development (Egea et al, 2010). 
While no information is available in documenting protein 
import machinery in related to chromoplast development, 
the vast amount of evidence for its role in chloroplast bio- 
genesis (Kessler and Schnell, 2009) suggests the importance 
of protein import in chromoplast development. Moreover, a 
relatively large number of proteins involved in signalling and 
cell metabolism were present in chromoplast proteins, which 
might play critical roles in the communication between chro- 
moplasts and other organelles. As expected with the nature of 
heterotrophic plastids, the chromoplast proteomes from all 
crops contained abundant numbers of transport proteins to 
provide various substrates and energy supply to chromoplasts. 

Early carotenoid biosynthetic and cleavage enzymes 
are persistently detected in various chromoplast 
proteomes 

As the primary function of chromoplasts is the synthesis and 
accumulation of carotenoid pigments, carotenoid metabo- 
lism is the best-studied metabolic process in chromoplasts. 
Analysis of various chromoplast samples enabled the iden- 
tification of many carotenogenic proteins (Fig. 4). A number 
of early carotenoid biosynthesis proteins prior to lycopene 
synthesis (i.e. HDS, PSY, PDS, and ZDS) were repeatedly 
identified from various crop species as shown in other studies 
(Barsan et al., 2010; Zeng et al., 201 1). The detection of these 
early pathway enzyme proteins may suggest a generally rela- 
tive abundance of them among the carotenogenic enzymes 
as well as their central role in directing metabolic flux into 
carotenoid metabolism. Further, there appears no general 
correlation between the specific carotenoids accumulated 
and the presence or absence of up- and downstream enzyme 
proteins, indicting a complicated regulation of specific carot- 
enoid accumulation in various crops. 

Carotenoid-derived metabolites, the apocarotenoids, con- 
tribute significantly to flavour and aroma of fruits. Volatile 
apocarotenoid synthesis increases dramatically during fruit 
ripening (Simkin et al., 2004; Ibdah et al., 2006). Consistently, 
CCD1 was detected in nearly all chromoplast samples from 
these crop samples. Similarly, the key enzyme in the ABA 
biosynthetic pathway, NCED, was also found from nearly all 
these species as shown in the Citrus chromoplast proteome 



(Zeng et al, 2011). The persistent presence of these catabolic 
enzyme proteins indicates an important role of them in carot- 
enoid metabolism and ripening processes. 

Chromoplasts contain high abundance of proteins 
involved in ATP production and transport 

Chromoplasts as heterotrophic plastids require an extensive 
supply of ATP to energize various metabolic processes in 
plastids (Neuhaus and Ernes, 2000; Egea et al, 2010; Flugge 
et al, 2011). Among the most abundant proteins identified 
from each chromoplast sample, ATP synthase and adenine 
nucleotide translocator were repeatedly observed. Noticeably, 
the protein gel bands associated with these two proteins rep- 
resented the most intense bands in the membrane fraction of 
chromoplasts from all crop species except pepper, in which the 
strongest bands corresponded to CCS and fibrillin (Fig. 2). 
High abundance of ATP synthase was also reported in a pro- 
teomic study of tomato chromoplasts (Barsan et al, 2012). 
Although devoid of any photosynthetic activity, chromoplast 
ATP synthase from daffodil flower is demonstrated to be 
able to synthesis ATP via the energized chromoplast mem- 
brane through the NAD(P)H-dependent respiratory activity 
(Morstadt et al, 2002). A recent metabolic labelling study 
also shows an active ATP synthesis in tomato chromoplast 
(Angaman et al, 2012). Further, a high abundance of ATP 
synthase is also detected in other heterotrophic plastids, such 
as in proplastids (Brautigam and Weber, 2009). ATP synthase, 
which is found among 174 chloroplast phosphoproteins, can 
be regulated by phosphorylation in controlling its activity 
(Reiland et al, 2009). Adenine nucleotide translocator facili- 
tates the transport of ATP or ADP across membranes and 
preferentially imports ATP into heterotrophic plastids, which 
determines the sink strength of plastids (Neuhaus and Ernes, 
2000; Flugge et al, 2011). An increased plastidic adenine 
nucleotide translocator activity has been shown to exert pro- 
found effects on lipid and starch synthesis in non-photosyn- 
thetic plastids (Tjaden et al, 1998; Reiser et al, 2004). 

Membrane proliferation is an important process for chromo- 
plast biogenesis and development (Li and van Eck, 2007). The 
existence of these two proteins in chromoplast samples could 
also provide substantial energy for membrane formation in 
chromoplasts. Active ATP synthesis and the presence of active 
translocators are known to be needed for massive membrane 
formation in daffodil flower chromoplasts (Morstadt et al, 
2002). The high abundance of these two proteins may suggest 
the crucial roles of active ATP production and transport dur- 
ing chromoplast development, consistent with the observed 
elevated energy production components during chloroplast to 
chromoplast transition in tomato (Barsan et al, 2012). 

Highly abundant specific proteins are accumulated in 
chromoplasts of various crop species 

Chromoplasts from various crop species also contain high 
abundance of other specific proteins. Pepper chromoplasts 
synthesize the specific carotenoids, capsanthin, and cap- 
sorubin, which provide the typical colour of red pepper. 
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Interestingly, while carotenogenic enzymes are generally pre- 
sent at low abundance in plants (Shumskaya et al., 2012), 
CCS, the enzyme responsible for capsanthin and capsorubin 
synthesis, represented the most abundant protein in pep- 
per chromoplasts (Fig. 2). Fibrillins are the main structural 
components of the lipoprotein fibrils and their accumulation 
directly correlates with carotenoid accumulation in pepper 
chromoplasts (Deruere et al., 1994). Thus, it was not sur- 
prising to find that fibrillins are among the most abundant 
proteins in red bell pepper chromoplasts. Consistent with a 
previous study (Siddique et al., 2006), many carotenogenic 
enzyme proteins were detected abundantly in pepper chro- 
moplasts (Fig. 4). The high abundance of carotenoid biosyn- 
thetic pathway enzymes and fibrillins suggests that pepper 
chromoplasts are characterized with predominant carotenoid 
biosynthesis and sequestration. 

An intrinsic feature of chromoplasts is the presence of a 
highly active redox system. Watermelon, carrot, and cau- 
liflower accumulated abundant superoxide dismutase. An 
upregulation of superoxide dismutase activity is observed 
during chromoplast development (Marti et al., 2009). The 
activation of plastid superoxide dismutase expression is found 
to depend on a copper chaperone for superoxide dismutase 
(Huang et a!., 2012). Interestingly, papaya contained a high 
abundance of GST, which is also found to be a highly abun- 
dant protein induced during papaya fruit ripening (Nogueira 
et al., 2012). GST activity is observed in chloroplasts of 
Lycopersicon pennellii (Mittova et al., 2002). Its plastid locali- 
zation is suggested to play an important role in maintenance 
of ROS homeostasis (George et al, 2010). Whether these 
redox enzymes contribute to the specific characteristics of 
these chromoplasts remains to be determined. 

Some of the detected abundant proteins from various chro- 
moplast samples were predicted to be non-plastidial proteins, 
which could be due to the tight association of them with 
chromoplasts or possible dual localization. Indeed, a spin- 
ach annexin was found to bind tightly to the outer surface of 
chloroplasts (Seigneurin-Berny et al., 2000). Approximately 
50 plastid proteins have been identified to date as having 
dual localizations (Carrie et al, 2009). A recent study reveals 
that mitochondrial processing peptidase is targeted to both 
mitochondria and chloroplast (Baudisch and Klosgen, 2012). 
While the presence of these non-plastid proteins could be 
most likely due to contamination, the high abundance of 
them in chromoplast samples may exert effects on chromo- 
plast development in specific plant species. 

In conclusion, the chromoplast proteomic analysis from six 
crop species allowed this study to identify large sets of chro- 
moplast proteins with a very good overview of the relatively 
abundant proteins. These data sets are excellent resources for 
categorizing chromoplast proteins. This study revealed com- 
mon metabolic characteristics shared among chromoplasts 
of different crop species and showed some remarkable dif- 
ferences in relative abundance of some identified proteins 
among different chromoplasts. Future clarification of the 
functions and networking of chromoplast proteins will offer 
new insights into plastid function and contribute to a better 
understanding of chromoplast biogenesis and development. 
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